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1. SUMMARY

The basic design of a fully characterized 1400 AH lithium-thionyl

chloride cell (High Energy Density Battery - HEDB) was modified in

the grid structure of each of the electrodes to extend the capability

of the cell to reliably and safely sustain a voltage reversal cond-

ition after passing through zero volts for 150% of its rated capacity

without venting or explosion. Eight cells were constructed of three

minor design variations, all with cell life limited by the carbon

cathode, and tested at two operating conditions (a) 6 amps (0.45

mA/cm2 ) constant current at an ambient temperature environment

(16-30°C) and (b) 12 amps (0.9 mA/cm2 ) constant current at 0"C.

Each of the eight cells were internally equipped with a switch mech-

anism which shunted the forced discharge current in reverse voltage

similiar to all previous HEDB cells tested. Each cell contained a

Li/Li+ reference electrode to monitor electrode potentials, the in-

ternally shunted current was externally monitored by bringing out one

side of the switch through a dedicated electrical feedthrough termin-

al, and the cell internal pressure was measured by a pressure trans-

ducer built into each cell.

Full test data was obtained for seven of the eight cells built and

were consistent in that-

o The maximum voltage on load was 3.46 + 0.01 volts at 6 amps/21°C

and 3.29 + 0.03 volts at 12 amps/0°C. Anode polarization contri-

buted 50 mV with respct to Li/Li+ at 6 amps and 80 mV at 12

amps.

* End of cell life came rapidly after reaching 3.2 volts at 6 amps/

21"C and 2.8 volts at 12 amps/0°C.

& Cell voltage in voltage reversal clamped to -0.066 volts at 6

amps/21°C and at -0.120 volts at 12 amps/0°C. Cathode potential

in RV was -0.020 volts and the anode + 0.046 volts (6 amps) or

+ 0.100 volts (12 amps) with respect to Li/Li+ .



* The internal RV switch shunted 2/3 of the forced discharge current

in voltage reversal.

* The cell internal pressure did not increase in RV and remained at

20 psig (6 amps/21°C) or 4 + 2 psig (12 amps/0°C).

* Cell surface temperature followed ambient except for a temporary

4C excusion at end of cell life.

* The series of cells tested demonstrated the capability of the

carbon cathode limited HEDB cell to reliably withstand 2100 AH in

voltage reversal with no adverse effects observable.

--



2. INTRODUCTION

The scope of this contract effort was design improvement and testing

to perfect reliable reverse voltage performance of the 17" diameter

Lithium Thionyl Chloride High Energy Density Battery (HEDB) cell that

has been previously developed by Altus Corporation under NAVY (Naval

Ocean Systems Center/NAVELEX 612) sponsorship. The basic cell is

1400AH in a 1 3/8" high stainless steel case and weighs approximately

29 pounds per cell.

The test criteria, established by the Naval Surface Weapons Center,

White Oak, MD, was 150% of forward capacity in a reverse voltage con-

dition. Eight cells were built with the same internal reverse volt-

age chemical switch mechanism previously perfected by Altus, but with

an improved anode grid current collector added, and a lithium rich

design in all cases. Design variations among these eight test cells

included cathode thickness to vary amount of excess lithium, and ele-

ctrochemical switch thickness to optimize minimum cell height and

therefore retain high energy density.

All cells but one were tested to 150% of nominal 1400AH capacity and

in all cases there was with no temperature or pressure rise, no vent-

ings or explosions. One cell was taken off test for a three-week

period after 20% in voltage reversal. When forced current was reapp-

lied, the discharged cell had high internal resistance and did not

pass current.

The cells were tested under a variety of temperature, discharge rate,

and simulated battery stack fixture pressure conditions.

3. BACKGROUND

Over a 3-year period the Navy, through NOSC has funded Altus to de-

velop and characterize a lithium/thionyl chloride active cell of cap-

acity in the range 1000 to 2000AH and a 10-year active shelf life.

This cell will be incorporated into a High Energy Density Battery,

HEDB, with configurations up to 150-200 KWH energy for use in under-

water instrumentation packages, surface buoys, and undersea vehicles

where safety, operation ir any oriintation, and structural strength
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and hermeticity are key factors. The HEDB battery concept is shown

in Figure 1 in which 40 cells of 1400AH capacity are arranged in ser-

ies within a pressure housing.

The 1400AH cell is disc shaped and has a diameter of 17" and a thick-

ness of 1-3/8" with a center hole of 2-5/8" diameter which houses the

electrode terminals and is depicted in Figure 2. The cell weighs 29

pounds for 4.8 KWH output and is optimized for currents up to 15 am-

peres. The HEDB cell basic design can also be scaled to other capac-

ities as required by the application. On other programs, cells 2

inches thick and weighing 39 pounds for a capacity of 2000AH and 7.3

KWH, and also a 17" diameter cylinder of height 7" and weighing 125

pounds for 8000AH and 28 KWH capacity have been built and tested.

All 3 cell sizes are optimized for discharge rates of 100 hours or

longer and a long 10-year shelf life.

Altus has now built 200 cells of 1400AH capacity under the Navy HEDB

sponsorship, and 50 cells of 2000AH capacity on another program and

has characterized this technology extensively for performance under a

variety of operating rates, temperatures and for safety under a broad

range of abusive conditions for various states of cell discharge.

The cells are filled with high purity thionyl chloride electrolyte at

the factory, hermetically sealed, and shipped in an active, sealed

state.

4. DESIGN AND TEST PROGRAMS

The objective of this study was to extend the capability of the

1400AH HEDB cell to reliably withstand a prolonged reverse voltage

condition of 1400AH beyond zero volts with testing to 2100AH in re-

versal to demonstrate the safety margin of the improved design. In

order to achieve this level of performance, design changes were made

and parameters monitored on test to verify the following:

e Each lithium anode disc was firmly attached to a nickel Exmet cur-

rent collector to eliminate the possibility of hot spots develop-

ing as the lithium is utilized and when the anodes become ex-

tremely thin in reverse voltage.

--6.--' 1
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" The cathode current collector grids within the carbon cathodes

were made entirely from stainless steel and nickel components were

eliminated. This minimizes the lithium plating to the cathode

grid structure during voltage reversal.

" The design was verified to be carbon cathode limited with both an

excess of lithium at the anodes and excess of thionyl chloride

within the cathode and separator void space. Throughout this

design study the capacity of the cell was limited to below 1400AH

by the carbon weight and sufficient lithium was made available for

1800AH capacity and sufficient thionyl chloride for 2000AH capa-

city.

The cells were specially equipped with two extra ceramic-to-metal

electrical feedthrough assemblies in addition to the two normal

anode and cathode electrode terminals. The extra terminals were

used for experimental purposes.

" One terminal permitted monitoring of a lithium reference elec-

trode incorporated into the cell in order to follow the behav-

iour of the anode and cathode potentials separately with re-

spect to Li/Li+ and verify cathode polarization being respon-

sible for end of cell life.

* The second extra feedthrough was internally connected to one

end of the reverse-voltage switch incorporated into all HEDB

cells. This switch feature, comprised of materials compatible

with the cell chemistry, is normally connected across the anode

and cathode, but in these experimental cells the return con-

nections to the cathode was made via the extra feedthrough and

an external one milliohm current shunt back to the cathode ter-

minal. In this manner the operation of the internal RV switch

could be monitored and its efficiency and low impedance estab-

lished throughout the discharge tests.

The first four cells built in this study incorporated a thick heavy

duty RV switch mechanism which increased the HEDB cell thickness from

1.38 inches to 1.45 inches and further increased the weight of the

.7



cell by 324 grams. Two of the four cells (SN 194, 195) were designed

to contain 80% of the standard cathode weight in order to ensure car-

bon cathode limitation and provide data which could be directly com-

pared to the standard cathode cells (SN 192, 193) and verify a linear

relationship between carbon weight and capacity. Each of the designs

were tested at the two discharge conditions - one cell at 6 amps con-

stant current discharge at normal ambient (200 to 27"C) temperatures

and the second cell at 12 amps constant current at low temperatures

(-5" to +10"C).

The second set of 4 cells (SN 196 to 199) were designed and con-

structed after the successful completion of the 150% voltage reversal

tests of the first set (SN 192 to 195). It was determined from the

test results that the standard weight cathode led to a carbon cathode

limited design and that any further carbon weight reduction was un-

necessary. The results also indicated by the successful outcome of

the 4 cell testing that some reduction in the internal switch volume

and weight could be achieved without sacrificing safety to extended

forced discharge. Two of this next set of cells (SN 198, 199) were

equipped with the standard RV switch mechanism which brought the cell

thickness back to the standard 1.38 inches and the cell weight back

to an acceptable 30 lbs. Once again the two operating discharge con-

ditions 6A at ambient temperature and 12A at 0°C were used to test

the two designs which varied only in the RV switch design.

The Design and Test Matrix is summarized by Figure 3 and the Design

Criteria sumarized in Figure 4.

The experimental modifications to the cell to achieve a four terminal

output caused some loss in capacity for this series of 8 cells com-

pared to production units previously tested.

The constant current discharge of each cell was accomplished using a

power supply as shown in the circuit diagram (Figure 5) and the dis-

charqe current and internal switched current were monitored across

one milliohm shunts incorporated into the circuit. Each cell was

equipped with a Sensometric Pressure Transducer (0.5mV per PSIG)

which permitted the cell's internal pressure to be followed. Thermo-
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CRITERIA FOR EXTENDED RV SAFETY OF 1400 CELL

1. CAPACITY OF CELL CARBON LIMITED

2. 30% EXCESS LITHIUM ABOVE THEORETICAL OF 1400 AH

3. 45% EXCESS SOC1 2 ABOVE THEORETICAL OF 1400 AH

4. ALL LITHIUM DISC ANODES FIRMLY BONDED TO NICKEL EXMET CURRENT
COLLECTOR

5. CATHODE CURRENT COLLECTOR GRIDS STAINLESS STEEL

6. A CHEMICAL SWITCH MECHANISM INCLUDED IN THE INTERNAL DESIGN TO

(A) SHUNT > 70% OF FORCED DISCHARGE CURRENT IN REVERSE
VOLTAGE

(B) CLAMP CELL NEGATIVE VOLTAGE TO LOW VALUES THROUGH THE LOW
SWITCH IMPEDANCE OF 15 MILLIOHMS

NOTE: CELL WEIGHT OF 31 POUNDS IS MAINTAINED EVEN WITH RV SAFETY
FEATURES ABOVE.

FIGURE 4
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couples both in the test chamber and affixed to the cell surface gave

temperature data. The emf between lithium reference and both anode

and cathode terminals gave data on internal polarization effects.

The following parameters were recorded using a Fluke 240A Datalogger

recording at 30 minute intervals.

" Cell (cathode versus anode) voltage

" Anode potential versus lithium reference electrode

* Cathode potential versus lithium reference electrode

* Discharge current

* Shunted current through internal RV switch,

* Environmental temperature

" Cell surface temperature

* Cell internal pressure

In addition, strip chart recordings of voltage data were made as the

cell went through zero volts into voltage reversal.

The actual test schedule of the 8 cells is summarized in Figure 6

which details the time the tests commenced, when the cell entered re-

versal and when, finally, the test was terminated after exceeding

2100AH in reverse voltage.

A record of the weight, volume and theoretical capacity of the elec-

trolyte within each cell is given in Figure 7 together with total

cell weights. It was noted that one cell (SN 197) received a less

than normal electrolyte volume. Cells, SN 192 to 197, had an average

weight of 14286 + 264/-541 grams with an average electrolyte fill of

3.18 liters corresponding to a theoretical 2082 +92/-105 amp-hours of

thionyl chloride for the 1.3M electrolyte. The last two cells (SN

198, 199) were lighter at 13962 + 84 grams due to the decreased cell

thickness at 1.38 inches.

Prior to discharge testing the cells were placed on a de-passivating

load of 0.1 ohms for 3 minutes followed by voltage checks at lighter

loads to 0.75 ohms. The voltage data for this polarization check are

given for each cell in Figure 7. The low voltage output of cell 197

on the 0.1 ohm load further indicated some abnormality of this par-

I I .. - F - -- . . . . . . . .



HEDB TEST SCHEDULE (8.10.81 Through 10.24.81)

Cell Started Passed Through Hours On Ended Test Hours In
Serial Test Zero Volts Normal Voltage
Number Discharge Reversal

192 1400 Hrs 2030 Hrs 222.5 Hrs 1500 Hrs 354.5 Hrs

222 Day 231 Day 246 Day

8.10.81 Date 8.19.81 Date 9.3.81 Date

193 0700 Hrs 0030 Hrs 118.5 Hrs 0900 Hrs 176.5 Hrs

223 Day 228 Day 235 Day

8.11.81 Date 8.16.81 Date 8.23.81 Date

194 1530 Hrs 1630 Hrs 217 Hrs 0700 Hrs 374.5 Hrs

226 Day 235 Day 251 Day

8.14.81 Date 8.23.81 Date 9.8.81 Date

195 1230 Hrs 1130 Hrs 95 Hrs 2100 Hrs 177.5 Hrs

227 Day 231 Day 238 Day

8.15.81 Date 8.19.81 Date 8.26.81 Date

196 1330 Hrs 2330 Hrs 178 Hrs 0800 Hrs 392.5 Hrs

268 Day 275 Day 292 Day

9.25.81 Date 10.2.81 Date 10.19.81 Date

197 0700 Hrs 0130 Hrs 90.5 Hrs 1130 Hrs 10 Hrs

271 Day 275 Day 275 Day

9.28.81 Date 10.2.81 Date 10.2.81 Date

198 1300 Hrs 0700 Hrs 210 Hrs 1300 Hrs 366 Hrs

273 Day 282 Day 297 Day

9.30.81 Date 10.9.81 Date 10.24.81 Date 1

199 0700 Hrs 1100 Hrs 100 Hrs 0800 Hrs 189 Hrs

274 Day 278 Day 286 Day

10.1.81 Date 10.5.81 Date 10.13.81 Datej

FIGURE 6

13
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ticular cell with regard to its internal impedance. All open circuit

voltages were 3.63 + 0.01 volts subsequent to being filled with elec-

trolyte.

5. TEST RESULTS

5.1 Cell 192

The cell was force discharged at 5.98 amps constant current at an

ambient temperature of 27 +3*C. The output voltage, Figure 8, main-

tained a steady 3.47 volts for a long period slowly dropping to about

3.2 volts when the voltage rapidly declined, due to polarization of

the cathode, & passed through zero volts after 223 hours of dis-

charge. The cell output voltage locked up at 60 to 80 mV negative

and remained at this low value until the test was terminated some 355

hours later corresponding to 2105AH of discharge in reversal.

The internal RV switch closed as the cell went into reversal as

intended and, as shown in the top right of Figure 8, the shunted cur-

rent attained a maximum of 4.1 amps. A change in the switch shunt

impedance was observed after 115 hours of its operation when the

shunted current dropped to 2.8 amps which was maintained until the

end of testing.

Of the total 3434AH discharge, 1097AH were shunted internally in RV

which meant the cell itself accommodated 2337AH. Since this value

exceeded the theoretical capacity of lithium within the anodes it is

likely that some lithium dendrites had grown between the cell's cath-

ode and anode during voltage reversal.

The cathode and anode potentials with respect to the lithium ref-

erence electrode are shown in Figure 9. The maximum cathode poten-

tial was 3.51 volts for a minimal anode polarization of 50 milli-

volts. The end of cell life is clearly due to cathode polarizaton

since the anode polarization during RV is again 50 to 60 millivolts

only, whereas the cathode potentials finally falls - 0.02 volts with

respect to the reference electrode at the end of test.

15

....SE



It is thought that the brief anode polarization peak at the end

of cell life is an artifact due to the location of the reference

electrode in the cell.

The temperature and pressure data, (Figure 10), show that the

cell follows the ambient temperature diurnal cycles except for a

brief 4C temperature excursion during voltage decline resultant

from temporary 12R losses at the carbon cathode. The pressure

at the end of cell life reached a maximum of 21 psig for a cell

temperature of 32*C but returned quickly to lower pressures dur-

ing voltage reversal indicating that no gas was generated in RV.

5.2 Cell 193

This cell of identical design to cell 192 was discharged at 12.05

amps at an refrigerated environmental temperature of 50 + 50C.

The cell voltage plotted in Figure 11 attained a maximum plateau

of 3.30 volts and when below 2.8 volts rapidly fell below zero

volts after 119 hours of discharge. The cell voltage clamped at

-0.12 volts for the entire 177 hours in voltage reversal, due to

the operation of the Altus RV switch which shunted 68% of the

forced discharge current through the low 15 milliohm shunt impe-

dance. The reference voltage data of Figure 12 show a maximum

cathode potential of 3.38 volts for an anode polarization of only

90 mV. Again cathode polarization is responsible for end of cell

life and even after 2127Ah of RV the anode is only 100 mV polar-

ized, with the cathode negative with respect to Li/Li+ by 20

mV. The anode polarization peak at 114 hours is a reference

electrode design artifact.

Figure 13 demonstrates the flat cell temperature of 4 + 1°C with

the temporary cathode polarization effect at end of cell life

raising the cell surface temperature 30C. The pressure within

the cell remained at 0 psig with only 1 psi increase at 0 volts.

The total amp-hours of forced discharge totalled 3555Ah with ap-

proximately 1445Ah shunted in RV by the internal switch mechanism.



5.3 Cell 194

This cell was designed with 80% of the standard cathode material

built into the previous two cells (192, 193) and a severely cath-

ode limited cell was expected.

The discharge profile at 5.88 amps and 26 + 3C ambient tempera-

ture is displayed in Figure 14. In common with cell 192 the

early maximum cell voltage of 3.47 volts was due to a polariza-

tion at the cathode of 140 mV and at the anode, 40 mV. The cell

voltage falls rapidly below 3.2 volts and is quickly clamped in

negative voltage to -0.06 volts by the operation of the internal

switch which shunts up to 4.3 amps of the 5.9 amps current. The

electrode reference voltage data of Figure 15 proves a cathode

limited system and after 592 hours of forced discharge the test

was terminated for 2183AH in RV, a cathode merely 20 mV below

lithium potential, and the anode polarized only 40 mV positive.

The cell temperature followed the ambient exactly and the inter-

nal cell pressure climbed 16 psig during the normal cell dis-

charge with no further gas generation in voltage reversal (Figure

16).

The cell withstood a total discharge of 3460AH over 592 hours

with approximately 1440AH shunted internally during reverse volt-

age.

5.4 Cell 195

This 12 amp discharge at 0.5* + 3.0"C is almost identical in all

respects with the discharge of cell 193 described earlier. The

cell in this case was more severely carbon limited and 80% capa-

city was obtained compared with the standard cathode system. The

internal switch operated perfectly to shunt two-thirds of the

force discharge current in RV which clamped the cell to a con-

stant low negative potential of -0.120 volts with a contribution

of +90 mV from the anode and - 30 mV from the cathode both with

respect to Li/Li+. The cell surface temperature held at 16 +

17
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1"C except for a cathode polarization heating to 4"C at the end

of cell life. The pressure data was not recorded in this test

due to a malfunction. All relevant data is to be found in Fig-

ures 17, 18 and 19.

3276AH were discharged through the cell with about 1432AH inter-

nally shunted in RV. The cell again withstood in excess of 150%

reverse voltage with no deleterious effects recorded or observed.

5.5 Cell 196

This cell was of identical design to cells 192, 193 described

earlier except for a relocation within the cell of the reference

electrode in an attempt to remove the anomalous anode polariza-

tion peak at zero volts experienced with the first series of 4

cells. Cells 195 through 199 all had the same new design of ref-

erence electrode system.

The discharge curve of cell 196 in Figure 20 exhibits similar

behaviour to that seen previously for a 6 amp discharge at am-

bient temperature. The operating cell voltage of 3.45 volts

falls slowly to about 3.2 volts and then drops rapidly to a

clamped negative voltage of 60 to 80 mV negative brought about by

the timely operation of the internal RV switch at zero volts.

The shunted current peaked at 4.2 amps and then settled into 4

amps for the duration of the test. The reference electrode data

(Figure 21) in this case is meaningless beyond the 160 hours of

normal discharge and clearly the lithium on the reference elec-

trode has either been dissipated or severely polarized. It is

not possible for the anode potential to be negative with respect

to the reference electrode with no current flowing in that cir-

cuit. Figure 22 shows the cell following the 21° - 4°C ambient

except for a 10*C rise in cell surface temperature at zero volts

cell output. The cell internal pressire climbed steadily from 0

psig to 27 psiq at zero volts and then falling back to a constant

24 + 2 psig throughout voltage reversal.



5.6 Cell 197

This cell of the same design as #196 of low electrolyte fill and

poor polarization curve (Figure 7) continued to operate in anoma-

lous fashion when discharged at 12 amps at 0"C. Figure 23 is a

composite plot of the data obtained. It is evident that the cell

output voltage is very low and never exceeded 3.0 volts. A 3

hour voltage spike in the cell voltage curve further indicates a

problem. The cell temperature at its surface continually main-

tained 10"C above ambient indicating an internal discharge taking

place - possibly through an internal short circuit. An

examination of the reference voltage curves shows that the anode

is unduly polarized at 0.3 volts, where 0.1 volts is typical at

these discharge conditions. The cathode potential is also 0.1

volts below normal. At the end of cell life the cell temperature

rose a further 17"C compared to a usual 3 or 4°C for cells 193

and 195.

When the cell went into voltage reversal the internal switch

operated normally and the cell voltage locked up although the

potential at -0.03 volts was more negative than normal due to the

excessive anode polarization that occurred.

Due to the sequence of abnormalities it was decided to replace

this cell with another and the test on #197 was terminated.

Unfortunately the replacement cell that was built had a short

circuit in the reverse voltage switch feature and could not be

used for this stury. To remain on schedule, cell 197 was put

back on test after a 3 week interruption. During this standby

period the cell had presumably continued to self discharge inter-

nally and no potentials could be detected between anode and cath-

ode or between either electrode and the lithium reference

electrode. In an attempt to force discharge the cell the voltage

across the cell was raised to -50 volts but no current could be

drawn due to the now high impedance of the cell. The test on

this cell was terminated without any venting taking place.
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5.7 Cell 198

This cell and the following cell (#199) were of reduced thickness

at 1.38 inches since the design incorporated the standard reverse

voltage switch. All other design features of cells 192, 193, 196

and 197 were maintained. The cell was discharged at a constant 6

amps at an ambient temperature of 21° + 5°C. The discharge char-

acteristics were similar to the previous tests (cells - 192, 194,

196) in which the cell output of 3.46 volts held for a long

period, (Figure 24) and at the end of cell life the internal

switch clamped the cell output to 75 +5 mV negative. The ref-

erence electrode data (Figure 25) showed a 150 mV cathode polari-

zation and a 40 mV anode polarization in the early stages of dis-

charge. at the end of cell life the lithium reference electrode

became unreliable and it seems that the electrode gradually at-

tained the potential of the nickel grid within the original lith-

ium reference electrode.

After 82 hours in voltage reversal the current shunt circuit

opened either due to a fault in the external circuit or a failure

internally in the switch itself. At this point the entire 6 amps

was forced through the cell presumably causing lithium plating

into the cathode. During the period of lithium plating, the cell

voltage was constant at -0.135 + 0.005 volts until the 343rd hour

of discharge (Figure 24) when a second negative going step was

observed. It is assumed this second step is the point at which

the full 6 amps discharge current has totally consumed the lith-

ium anodes and electrolysis of the electrolyte is occurring. A

cell potential of about -0.38 volts was maintained until the test

was terminated after 2262Ah of reverse voltage testing. Figure

26 does not indicate any abnormal temperature or pressure fluctu-

ations throughout the 576 hour test period. There was no in-

crease in the cell internal pressure during RV and the final

pressure recorded at the end of test was 17.3 psig. The test was

successful.

The following calculation supports the interpretation of the

steps observed in the reverse voltage discharge curve.
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a) Amp-hours of lithium anode consumed during normal discharge

to zero volts = 1257 AH

b) Amp-hours of lithium plated into cathode from zero volts to

the switch shunt opening at 82 nd hour of RV

= 490 AH - Shunted current

= 490 AH - 302 AH

= 188

c) Amp-hours of lithium plated into cathode from switch failure

to second break in curve 50 hours later

= 300 AH

d) Total lithium consumed over the first 343 hours of testing

(a) + (b) + (c)

1257 + 188 + 300

= 1745 AH

e) The theoretical capacity of the anodes within this cell is

1700 AH which is very close to the 1745 AH figure calculated

in (d) and indicates the step in the voltage at the 343 rd

hour is due to total lithium depletion

5.8 Cell 199

This cell discharge at 11.96 amps and and 00 + 2°C on enviormen-

tal temperature displayed the typical charactertics found in the

earlier test. The anode polorization remained low at 50 mV prior

to zero volts and 90 mV in voltage reversal with the cathode pot-

ential falling from a plateau at 3.31 volts to a clamped negative

potential of -0.04 volts during reverse voltage discharge. The

cell demonstrated carbon limitation to cell life and the internal

RV switch shunted 74% of the force discharge current. The brief

temperature excursion of the cell during voltage decline was only

40C and the cell pressure remained contant at 5 psig during RV.

The relevant data are to be found in Figures 27 through 29.

21



-c. C", (*J CD

0o

cn

LUL

a L&&J

CNJ Li

V) CD-(

0r LAJ

LLLJ

I- 0 J

CD1 LL

LU I 6
0i

0

z cl %r co r CD 0
w 0

30V11A 110 FIURE



C)

C%4

a)-

Q

C-

-JA

I.

0~0

0 ~ 0
0

-o

(113 
6 4-

FIGURE 9



o 0 0

100

Licc

V) a
LCJ -

LL-J

Lj.J L)

-4-
C~C)

LaJj

0 

FIUR 1



q* %j

C ~C-

l-l

i W r- c

.t, L .M

cIo

Wr-

LLAJ

o c-j

L) 
- -

C-D

LhLU

2IsI



0

T- -W.

IL-

7I-

C%J

- U

L&J

(DJ LA.C
C71 =

-IA

(-))

C)

-0

L3)

cc 0

U-

0~ LA
C!

30V10A 130 IGUE 1

2,0



CD 0 CD

- -

C%j

Lai

LUJ

LV)

UJ -j

C) 0E

LIA

Ln

o-4

LIn

0

C-
ILzJ Kh

I-J

FIGURE 13
27



CNID

CCD
OR C.

I-.Q
zSIO 10FIUE1



E

U

LO 0O

LU +

CIO)

C=C

LU6
C--1

LLJ.

caa
00

CU-)

3 VlI1OA 113) 29 FIGURE 15



0 0 0 C)C
00

A

LAJA

too INAC

C14.

/ ix

(-1-

300



CNI

0-1

LLLJ

CDM

00

0

LiJi

CCD=V

00

I0L~

LAJ

C;D

39I0 110FGUE1
31- ~



04

-AJ

LAJ

I-. CDJ
00

LUW

L.J

CC,

-LJ

LU 0)

0

RCz

df0
F

-L0

C)=

4 - - -- 4 - - 0
CR wir C

o~ -JC C

39V10 1IFGUE1



c~) L) L-74

o 0 0

C%.j

-i

I-

C--) Q
LuT

= V))

Q0

L)

LUA

LAJJ

r14

FIGUR 19
33

LAa



q~qr

L&J

Li 0I

LALi

Li'
- CC-

CC-) Co W

(.0

L

LiO

0 -?
34 FIUR 2



Lo

- J L 'Jj

CCC
zzz

0

LL0
-m.

cz C)
3~V~LOA 113 FIGRE 4

35D



0~ .o D 0 D CDo~ en C 00

LJ
Lu.

LLdJ

LU -- C

LUA

LL.

0CD

0

-J K 0

LU / ID

FIGURE 2

3C% 0



CELL S/N 197 - CONSTANT CURRENT (12 AMP) DISCHARGE

AMPS
3.6- SHUNTED CURRENT -

THROUGH INTERNAL
'REVERSE VOLTAGE'- 8

2.8{2

2.4CELL 
TEMPERATURE 40 0

o 0 C

-I AMBIENT TEMPERATUJRE- 20 C

PSIG
INTERNAL CELL PRESSURE 20

0.8AND0

0.4 ANODE POTENTIAL CATHODE

-0.4 CELL VOLTAGE

0 20 40 60 80 100

HOURS ON FORCED DISCHARGE



V)~

CL

-LJ -1

0~. C 0

--

00 0.,

LI) X

I-r

CDC

3OV10 113 3-FGRE2 -



CATHW~ POrtCIVIAL

3.3- CELL S/N 198 CONSTANT CURRENT DISCHARGE (6AMPS)

2.9-

2.S-

2.1-

Ij-

01.3

0.9-

0.1 ANODE POTENTIAL

,401RS 04 FORCEDO ISCHARGE

40 80 120 160 200 28 20 360 400 40 480

WDOE POTENTIAL.

&ATMM O~tTEWTIAL

FIGURE 25

39



- 0

0.0

0

Li~

001
LU 0.0

= Li U /

LiLai

_~ Ci



CA:

0 0

/Ow

, e

Cc.

J -J

CN U

TO1 R

)LU)

-~ I.cc
- I

B'V! 0A 113
41FGUE2



E E C\
00 C

LUi

CD.

L.JL0

1.- 1.

21- Lc

.-

)=

+/0 
I

cc C- 0 0

3-I0 1) IUE2



S 0 0 C

+ CD

LJL..J A+

LAL)

L L-) L.I' L)
C-, -r

9= 00
C-)D

C--4

00 0~

- J (D
-~CD

C-~J o

(~.) z

L a J 
t ( 0

V)-4--i

CL.J

.>/%I1-

FIGURE 29
43



40

(3 0 0% 0%

Lo4 N 0 p -0

-4 0% N r- 4P

-4 oc 0 w 2 4
> 01 -41~ . 0

co hLM LI
% % u 0% 0 040

Z t LA 0 :> a)* 0.0 - 0

0 .Q A4 C n

co coO %D

a;1 01

~u m% -V N- (3. 0 .
(-4 0 4 4 - LI)~ V

W0 C O %D 9z > 0 0

4b >1 QA LA.L 0-
r-4i (n -. 4.

(' 4 0N N) -4- dP
%D N1 N~ 0: r v C
m~ vN (N ( LO

0 A

In Ln 0 U
E0 - (n7 A.) CA ra

C4l. 04 -~ -W P Uk 2 4 01W 0 0
- -4 4 > U M.0 4- 0

C4n + A N dP . LI
0% ~ 0 *-I IV '0

%01 -4 LA- 0*- .
-. 4 C4 (N 0 V -4

- '.0 cN (~ 0~ ~fO A

0 0.00 QO
>_ __ > >z

0A 00 (N LA >A ) 0 cz

(4 E- E-P UA > 00 4 0

to E u (a 04 :3

w ~ 4. to0 wN0
0~ ( (N '4 >

>N -4
0 OA

C-44



4.0
(n

(n k UL 0 OA

0  
0 .-

LAJ c- r, o7 0%U C cn
3 -l u 00t

%D N. a3

0%D r- a)- '

-1 0 r- 03

0W 0C c-

a 0 ON~ (%~0'-4 0

#- at L) 3t-r

0 * A
0>

44-

C) U0
go LA LA Zi

01. .n . ) i) U -4 4)
WW Nu V; 0 CL U w03 m 0 '-0

0. LM en

000% + %.0 ,

(YN0 0% 0D 0
~0 LA 44A 0

.4.)N 0
*-4 q N r- LA .C
U ~LA r LA 00 4 0
04 '- - N -4 (0 Ln

tw ol-U
0) w) ( (n C:

ko. 0 u. E 0 04 r-) f 0
0 4 * O 4 >.. .41. La.)

r- 0 I.-- q o 3-4 U)
ON Z 0 +j 0 0cm

NW >1 N1 (1 0( M4
.IJ0 -j 0u ~

enf C -4 m
C; 0h NN 41 3: 1

-0 co af

431

0 .0 r- LM M)
Cf. n - - U 0 NU U): -I

nW ) rz -W ~ r 0 41 >0
0- '4'c' ' > .- M

'0 +1 d* EO -
0% N r- m% co -

A.) L4 N4 LA
04 en4 en'N dP
M)X '4 LA LA 0 C0

04 oc m % m '.4m' LA
04- 4 .Aj

L) 0

(a U) U)
0 i.1 41 A m 0)

r -4 -4 4)c
0 0 0 0 0'0
> >. > C-4 U 0

0~ ~ Ai 0 I.

(00 0 0 $J 41 4-U 0 a-4 -.*4 Ai

1-4 E4 Fq 0 - 9* u- w U U)
0 . 0~ c 43CC

0 41 >N 0 0

04 tr 4)). 2 .

> 40 m
oc o4 cz u0 40 45



ON 0% M U
00 v

-r r -J -I- +1 +1

0 CO

C4
0 CD) U3

> 0

4 4 '-4

M. Lc 1 dP In 0.
0' 04 r- - a
-- r, % '0 +1 +1

C4C4 i-iV

Z 0 U U U)

0' 0co '. 0 In In
-~~r + . - + -

4f CIn M C)0-
E-4 N N

'.0~~O (d .0e * U
b.3 0' 0D enl 00 '.n 04 L&J

UU-

43 >

-W en in 0 '.

-c *- + . - +1
fn -D %~0'0 Ir= W

N C1 N N4

44 4W Ln
as (D in n1-0a U

en N +

~4 Oc~E-4
Z Z E-4 4 wi i) U

Wx zE > >U)4CL
0- v COI - C3

M~ M0 Ca z) a4 ~
N 0 z (40U

E-O =W1 CiI -A CW 04 0~i 4a
U) Q ))UU 1%) Z0 x. 0: :W

z M~ 0U4 Ox) 0: m4 U) U

4 "O 0E-4 u U> dpE-4 W E-4 u c"

46



6. Capacity

The capacity of each cell is summarized in Figures 30 and 31 for

3.0, 2.7 and 0.0 volt cut off. All of these capacity values are

low compared to the normal 1400 AH to 3.0 volts at 6 amps/21°C

or1200 AH to 2.7 volts at 12 amps/0°C seen on previous production

units. However the lower capacity at lower temperature (0"C)

operation is consistent. The spread in capacity attained is also

far wider than would be experienced with production units where +

50 AH is more typical. Although capacity performance was not the

main objective of this study, the results do require some explan-

ation. The low capacity yielded can be attributed in general to

the experimental nature of this study where significant design

modifications were necessary to internally connect the reverse

voltage switch and a reference electrode to the two extra and

separate electrical feedthough terminals. Cells S/N 194 and 195

were deliberately designed to be 20% low in capacity by the sev-

ere carbon cathode limitation.

Of the two series of cells manufactured, the second run of four

cells (S/N 196 - 199) exhibited the lowest capacity and this has

been attributed to the poorer quality of the batch of separator

material used in their fabrication. The eight cells were fabri-

cated in two lots of four each.

7. Technical Conclusions

The performance summaries are tabulated in Figures 30 and 31 for

the series of 8 cells tested in this study. The reverse voltage

performance is further tabulated in Figure 32 for reference.

With the exception of the faulty cell (197) the data are consis-

tent for the cell operating voltage and individual anode and cat-

hode potentials with respect to the Li/Li+ reference.

4*7



All cells were cathode (carbon) limited and with the internal RV

switch operating there was sufficient lithium content to reliably

exceed 100% voltage reversal for the 1400 AH cell. All the cells

maintained a low internal pressure and there appeared to be no

gas generated in RV. The data from cell 198 was interesting in

that it emphasises the need to shunt the majority of the force

discharge current in reverse voltage condition to avoid lithium

limitation when higher negative voltages are reached and danger-

ous electrolysis reactions inevitably lead to cell venting.

The final design of HEDB cell represented in cells 198 and 199

will ensure a safety in reverse voltage for any condition which

can possibly occur in a battery of series connected cells.
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8. RECOMMENDATIONS

Over a 3-year period at Altus Corporation, development of a generic

High Energy Density Battery for Navy use has progressed from early

demonstration of unique safety features to recent perfecting of a

reliable anode design and reliable internal reverse voltage switch.

Two hundred cells have been tested over this period.

In this final phase of testing, eight cells were tested into reverse

voltage under a variety of conditions, including a cell of marginal

electrolyte fill and marginal voltage. All of these cells survived

reverse voltage testing with no explosions and negligible internal

pressure rise.

A reference lithium anode was used in all cells to separately monitor

end of anode life and end of cathode life. The cathode limited con-

dition of all cells was verified. A separate feed-thru pin in all

cells allowed the measurement of the current shunted through the

internal chemical switch that remains open in the forward direction

and closes immediately upon cell reversal. Upon closing, the switch

maintains a low clamped negative voltage of -50 to -100 millivolts

and shunts 70% of the forced current. At the low negative voltage,

dangerous plating potentials are avoided and the excess lithium is

consumed by the remaining 30% of the current as it is plated into the

cathode. This mechanism allows the cells to safely endure in excess

of 100% of reverse voltage condition without external switches or

circuits.

The basic cell design including the improved anode current collector

is now fixed. The cell technology is ready for application in bat-

tery systems. The basic cell offers the advantage of ease of scal-

ability to cells of different capacity and aspect ratios. The loca-

tion of the terminals is optional. The cell case is hermetically

sealed and has high vacuum integrity and no discharge products can

escape to the exterior environment.
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For applications where gravimetric energy density is a prime design

parameter and exposure to high external pressure is not required, the

cell case weight of 14 pounds can be reduced to 7 pounds for a total

cell weight reduction from 29 to 22 pounds. For this lighter case,
using precision welding techniques now available, the integrity of

the hermetic sealed case can be maintained.

For operation in an unpressure-compensated ocean environment, the

present cell, because of its unique pressure vessel design, and at-
titude insensitivity, can withstand up to 500 psi external pressure

with no modification. The design is also amenable to minor mechan-

ical strengthening for safe operation at even higher pressures.
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